Abstract
INTRODUCTION
The treatment of aortic aneurysms generally involves replacing only the dilated segment of aorta. However, the remaining segments are at risk for aneurysmal degeneration. Crawford reported that 59.6% of patients who initially had descending thoracic aneurysms (DTA) developed another aneurysm while only 12% who presented with abdominal aortic aneurysms returned with another aneurysm [1] . In Coselli's landmark series of 3309 thoracoabdominal aortic aneurysm (TAAA) repairs, 26% had prior distal aortic repairs and 17% required redo thoracotomies to repair their TAAA [2] .
Although open repair of DTA/TAAA can now be performed reliably with a mortality of 4-5% in high-volume centres [2] [3] [4] , reoperative repair of DTA/TAAA continues to present a particularly challenging task.
Performing a reoperative thoracotomy in an often hostile operative field increases risk for injury to surrounding mediastinal and abdominal structures and bleeding complications. Significant postoperative haemorrhage is seen in up to 13% of cases [5] .
The results of reoperative TAAA repair after previous aortic aneurysm repair have been mixed. Mortality has ranged from as low as 4% to as high as 28.6% [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . These widely varying differences are likely due to heterogeneity in the type of surgery performed at the initial operation with some including ascending/ arch aneurysms and others including infrarenal abdominal aortic and iliac aneurysms [8] [9] [10] [11] [12] [13] [14] [15] [16] .
We believe that the increased risk with reoperations is in part due to the difficult reoperative surgical field rather than only the haemodynamic stress of a second aortic procedure. We examined our experience with reoperative DTA/TAAA repair in a more homogeneous population of patients, all of whom have had previous DTA/TAAA repair via a thoracotomy or thoracoabdominal incision. Unlike previously published series, patients repaired through a median sternotomy or abdominal incision only were excluded.
MATERIALS AND METHODS
This study was approved by the institutional review board. The need for individual patient consent was waived. Review of prospectively collected data from the Weill Cornell Medical College Department of Cardiothoracic Surgery aortic surgery database was conducted to identify all consecutive patients who underwent reoperative repair of DTA/TAAA from 1997 to 2015. The first reoperation was used for analysis. Subsequent reoperations were excluded.
Primary end-points were in-hospital mortality and follow-up death from any cause. Secondary end-points were the incidence of major postoperative complications (myocardial infarction, stroke, new onset renal insufficiency requiring dialysis, need for tracheostomy, spinal cord complications) and a composite of major adverse events (MAE: in-hospital mortality and the previously listed major postoperative complications). Aneurysms were classified according to Crawford's classification. Renal insufficiency was defined as serum creatinine greater than 1.5 mg/dl.
Surgical technique
The basics of our surgical technique have been previously described [3] . In brief, the incision depends on the location of the previous incision and the extent of aorta involved. If the previous incision is not utilized then an incision is made 2 interspaces higher or lower to minimize soft tissue ischaemia. Commonly this is a fifth to seventh interspace thoracotomy with rib resection as necessary for additional exposure. The length of the laparotomy is dependent on the distal extent of disease.
In an attempt to minimize lung injury and bleeding from vascular adhesions, a majority of dissection is performed with electocautery. In the setting of a contained rupture, we perform only that dissection necessary to obtain proximal aortic control. An extrapleural plane of dissection is utilized when adhesions are too dense to lyse safely. Sharp dissection is utilized in the abdomen to lyse bowel adhesions but a majority of the retroperitoneal dissection is performed with electrocautery. Caution in the left upper quadrant is particularly important to avoid injury to the spleen which is oftentimes densely adherent to the diaphragm. Splenectomy was avoided in all reoperative patients but was required in 6 of the primary surgery group.
Surgical technique is based primarily on aneurysm extent and aetiology. Clamp-and-sew technique is our primary operative strategy. If proximal control is not obtainable then cardiopulmonary bypass and circulatory arrest are utilized. Partial bypass is rarely used in reoperations. Blood visceral and cold renal perfusion are added as necessary. Rapid reinfusion of shed blood is performed using a Belmont warm rapid infusion system (Belmont Instrument Corporation, Billerica, MA, USA). When partial bypass or the clamp-and-sew technique is utilized, the core temperature is allowed to drift passively to 33 C before the aorta is cross-clamped.
Once aortic reconstruction is completed, protamine is administered to obtain haemostasis. ROTEM thromboelastometry (TEM Systems, Inc, Durham, NC, USA) helps guide blood replacement when excessive coagulopathy is encountered. Ongoing chest wall, lung parenchymal and adhesion haemorrhage is stopped with an argon beam coagulator (Valleylab, Boulder, CO, USA). Retroperitoneal drains are placed when extent II or IV repair was performed. These are removed on postoperative day 1. Spinal drainage is maintained for 72 h postoperatively maintaining an intrathecal pressure <12 cm H 2 O. Mean arterial pressure is maintained between 85 and 90 mmHg during the postoperative period.
Statistical analysis
Data were stored using Microsoft Access 2010 (Microsoft, Redmond, WA, USA) and analysed using IBM SPSS Statistics, version 22 (SPSS, Inc, Chicago, IL, USA), R version 2.15.2 (R Foundation for Statistical Computing), IBM SPSS StatisticsEssentials for R 22.0 (Thoemmes, Bristol, UK) and MatchIt package. Data from the study population were compared using v 2 for categorical variables and Student's t-test for continuous variables. Backward stepwise logistic regression analysis was used to assess for significant demographic and preoperative predictors of inhospital MAE.
Propensity-score matching was performed with a calliper of 0.05, matching without replacement, and 1:1 nearest neighbour by logistic regression. Selected variables were age, sex, smoking, ejection fraction, renal/visceral perfusion, cerebrospinal fluid drainage and aneurysm extent. Postoperative survival was assessed using the Kaplan-Meier method. Groups were compared using log-rank analysis. The proportion of reintervention was illustrated by actuarial methods. Competing risk across groups was computed by the Gray test and cumulative incidence functions were generated by the Fine and Gray methodology.
RESULTS
Sixty-nine consecutive patients underwent first time reoperative DTA/TAAA repair. The mean number of years between primary and reoperative surgery was 10.0 ± 12.9 years. The majority of these, 49 (71%) were TAAA. Mean age at reoperation was 60.2 ± 15.5 years and 49 (71%) were male. Twenty-two (31.9%) patients had a known connective tissue disorder and 32 (46.4%) had chronic aortic dissection. Twenty (29%) were operated on urgently/emergently for symptomatic aneurysms. Eleven (15.9%) were ruptured. Mean aortic diameter was 7.1 ± 1.4 cm. Reasons for reoperation were progression of disease in 50 (72.5%) patients, intercostal/visceral patch aneurysm in 3 (4.3%), intercostal patch aneurysm in 2 (2.9%), pseudoaneurysm in 8 (11.6%) and graft infection in 6 (8.7%).
These data were compared to those of 602 contemporaneous patients who underwent primary repair of a DTA/TAAA (Table 1) . Patients in the reoperation group were more likely to be younger, male, non-smokers, have connective tissue disorders (CTD), and require repair of the distal aorta (extent III or IV).
In the reoperation group, the clamp-and-sew technique was used most frequently (57 patients, 82.6%), then circulatory arrest in 10 (14.5%) and partial bypass in only 2 (2.9%) ( Table 2) . Cerebrospinal fluid drainage was used less frequently (73.9% vs 83.7%; P = 0.04), intercostal reimplantation was performed less frequently (11.6% vs 44.2%; P < 0.001), cold renal perfusion was used more frequently (36.2% vs 19.8%; P < 0.001) and concomitant procedures were more likely to be required (58% vs 27.2%; P < 0.001).
These consisted mostly of renal/visceral artery bypass (28.9%) and aortic arch repair (11.6%). Cross-clamp times for patients repaired with the clamp-and-sew technique were longer in the reoperation group (35.9 ± 14.7 min vs 29.8 ± 10.4 min; P = 0.004).
In-hospital mortality was 8.7% (6/69) in the reoperation group and 5.3% (32/602) in the primary surgery group (P = 0.25) ( Table  3) . Mortality was higher with reoperations in extent I TAAA (20% vs 3.1%; P = 0.04). Mortality with reoperative extent II TAAA was high (33.3%). Mortality in elective cases was (3.1% vs 2.8%; P = 0.921) and in urgent/emergent cases was (13.5% vs 7.5%; P = 0.210), respectively. Causes of operative death in the reoperation group were due to cardiac failure. Two of the deaths were in patients with contained rupture. Three patients (50%) had intraoperative ventricular fibrillation, 1 had a postoperative myocardial infarction, 1 had hypoxia and cardiac failure and the last one had postoperative vasodilatory shock and multi-organ failure. In the primary surgery group, 7 deaths (21.9%) were in patients with ruptured aneurysms.
Myocardial infarction was experienced by 2.9% of the reoperation group and 0.5% of the primary surgery group (P = 0.028). No patients in the reoperation group had recurrent laryngeal nerve injury compared to 7.8% of the primary surgery group (P = 0.016). Rates of stroke, need for tracheostomy, new onset need for dialysis, spinal cord injury (SCI) and postoperative haemorrhage were not significantly different between the 2 groups (P > 0.4 for all comparisons). When separated by aneurysm extent, the rates of renal failure, spinal cord injury and other MAEs were not different between the 2 groups.
Propensity-score matching was used to reduce observable differences in baseline characteristics between the 2 groups and it resulted in 64 pairs of patients with similar preoperative characteristics (Supplementary Material, Table S1 ). In the matched population, the differences in postoperative myocardial infarction and mortality in extent I TAAA were no longer significant (P = 0.154 and P = 0.218, respectively) ( Table 4 ). The incidence of other major postoperative complications was not different.
Twenty-seven patients had both their primary surgery and reoperation at our institution, allowing us to have a near-perfect match in preoperative characteristics. Six patients in the primary surgery group and 1 in the reoperation group had ruptured aneurysms. Recurrent laryngeal nerve injury was more likely in the primary surgery group (P = 0.009). There was no significant difference in in-hospital mortality or incidence of other major postoperative complications (Supplementary Material, Table S2 ).
In the unmatched population, 30-day and 5-year survival were 91.2% and 57.6% in the reoperation group and 96.1% and 58% in the primary surgery group, respectively (P = 0.878). Survival curves are depicted in Fig. 1A . In the propensity-matched comparison, 30-day and 5-year survival were 92.2% and 89.4% in the reoperation group and 96.9% and 93.3% in the primary surgery group, respectively (P = 0.508) (Fig. 1B) . The 5-year freedom from a third operation in the reoperation group was 94.5% and the 5-year freedom from reoperation for the primary surgery group was 97.0% (P = 0.143). Cumulative incidences of reoperation are depicted in Fig. 2 . Mean follow-up time was 42.68 ± 41.36 months. Median follow-up time was 28.0 months (25th percentile, 8.0 months; 75th percentile, 68.75 months).
At multivariate analysis no predictors for individual postoperative complications was identified. Age, need for urgent/emergent operation and chronic pulmonary disease were identified as independently associated with MAE (Table 5 ). Reoperation itself was not a predictor.
DISCUSSION
Previous reports on reoperative DTA/TAAA repair included aneurysms in varying segments of the aorta. Crawford's TAAA lower mortality (8.5% vs 4.5% mortality; P = 0.078) [7] . He reasoned that they were preselected for survival since they survived the first operation and that may have had a protective preconditioning effect. The Mayo Clinic group had 37 reoperative TAAA repairs out of 102 cases. Mortality increased with each subsequent operation starting at 4.4% for the initial operation, 10.4% for the second and 33.3% for the third [8] . They presumed this was due to cumulative 'hits' on the cardiovascular system. Smaller series have reported mortality of up to 28.6% though this may in part be a result of surgery in lower volume centres [9] [10] [11] [12] [13] [14] [15] [16] .
It is difficult to compare the results of these and other smaller series with heterogeneous groups of patients [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . We analysed a more homogeneous population, all of whom had either a left lateral thoracotomy or thoracoabdominal incision for repair of a previous DTA/TAAA, in an effort to remove as many confounding factors as possible and find the true effect that reoperative thoracoabdominal surgery has on operative results. In our series, the reoperation group had a significantly higher proportion of patients with CTD (31.9%) compared to the primary group (8.3%). CTD is a strong risk factor for developing aneurysms in the remaining aorta. This led to the reoperation group having a mean age 5 years younger than the primary group. Although there may be some selection bias, we do not exclude patients from surgery based only on age and we have operated and reoperated on older patients, including octogenarians, with adequate performance status. Less of the reoperation group were smokers compared to the primary surgery group. CTD appears to be a stronger risk factor than age or smoking [17] .
As expected, primary procedures involved the more proximal segments of aorta with extent I aneurysms accounting for 37.9% of primary operations. The reoperation group had more extent III (34.8%) and extent IV (15.9%) aneurysms. Even with propensity score matching we were not able to eliminate the differences in aneurysm extent between the primary and reoperation groups. The lower rate of recurrent laryngeal nerve injury in reoperations is expected. In primary operations, we generally only replace the aneurysmal segments and spare the normal calibre aorta. This preserves as many intercostal arteries and as much spinal perfusion as possible to minimize the risk of SCI. Although replacing more aorta would decrease the rate of reoperation, we feel that our strategy is well justified by the low rate of reoperation (3% at 5 years). In patients that ultimately require reoperation, a staged approach may allow collaterals to develop and this may help reduce the risk of paraplegia compared to a single-stage complete repair. Etz et al. had a SCI rate of 15% in single-stage extent II repairs and zero in patients with a staged extent I followed by extent III or IV repair [18] .
Our choice of surgical technique is largely dependent upon aneurysm extent and expected complexity of the repair. In the primary group, 29.7% were repaired with partial bypass compared to 2.9% of reoperations. We use partial bypass for patients with compromised cardiac function or if we expect a long procedure or increased blood loss via patent intercostal arteries, such as extent II aneurysms and chronic aortic dissections. In the reoperation group, clamp-and-sew was the primary surgical technique (82.6%). A majority of this group was extent III and IV TAAA. We are often able to clamp below the level of reimplanted intercostal arteries, preserving spinal blood flow during crossclamping. This allowed us to use multi-branch grafts to perform the main proximal and distal aortic anastomoses quickly, reestablish distal perfusion, and then reimplant visceral vessels separately. Due to the short expected cross-clamp time, we felt clamp-and-sew would be the appropriate technique. However, cross-clamp time averaged 6 min longer in the reoperation group. More aggressive use of partial bypass may help decrease ischaemic burden and reperfusion injury. The rate of SCI was not different although it is difficult to discern the influence of aneurysm extent versus use of adjunctive perfusion on SCI.
Our techniques for spinal cord protection were used less frequently in the reoperation group. There were more patients with CTD and the related consequences such as scoliosis, dural ectasia and previous manipulation that made it more difficult to place spinal drains. Intercostal reimplantation was performed less frequently because many patients had previously placed intercostal patches which were left intact. We also suspected that they would have well developed collateral flow to the spinal cord after their primary surgery. We elected not to place additional intercostal patches in order to minimize the amount of native aorta. Despite the more limited spinal cord protection, this group had no increased risk for spinal cord injury (2.7% vs 4.3%; P = 0.4) and our rates compare well to other large series [2, 4] . The preexisting intercostal patch, collaterals that have developed between the first and second operations, and our other routine spinal cord preservation strategies, such as postoperative hypertension, may have helped to keep the rate of spinal cord injury low in the reoperation group.
In-hospital mortality between the primary surgery and reoperation groups was similar in the unmatched population (5.3% vs 8.7%; P = 0.25). Our results are similar to other large series with mortalities of 4-8% [2, 4] and compare favourably to smaller series with mortalities of up to 28% in the reoperation groups [9] [10] [11] [12] [13] [14] [15] [16] . As expected, mortality was higher with urgent/emergent cases than elective cases. When the groups are separated by aneurysm extent, mortality with extent I aneurysms is significantly higher in the reoperation group (3.1% vs 20%; P = 0.04). Extent II aneurysms also show a strong trend towards increased mortality. Mortality with reoperative extent I and II aneurysms was quite high (20% and 33.3%, respectively). However, the sample size is small with only 4 and 6 patients in each group. A larger study would be necessary to clarify these findings. Given this relatively high mortality, 1 must consider whether there is an endovascular option, especially for the reoperative extent I and II subgroups. A few experienced centres can repair TAAA with fenestrated/ branched endografts with an acceptable mortality of 0-16.7% [19] [20] [21] but we are not able to offer this option to our patients.
After propensity matching, the differences in in-hospital mortality and myocardial infarction were no longer significant. However there remained a strong trend towards higher mortality in the reoperative extent I group. Mortality in the extent II group remained highest. However, the results of this model must be considered carefully. Although the matching algorithm resulted in groups that were more similar, due to the natural progression of most TAAA from proximal to distal aorta, there remained more extent I and II patients in the primary group and more extent III and IV patients in the reoperation group. Since our choice of surgical technique is strongly based on anatomic factors and location, the technique used in the 2 groups was inherently different with more partial bypass in the primary group and a majority clamp-and-sew in the reoperation group. This may have contributed to differences in outcomes. A larger sample size with better matching is necessary to confirm these findings.
In the matched population, 7.8% of reoperations required dialysis. Visceral and cold renal perfusions were used more frequently in the reoperation group but perhaps an even more aggressive use of renal protection could reduce the rate of renal failure.
Of the patients in the reoperation group who died, 50% had intraoperative ventricular fibrillation. This was likely due to reperfusion injury from the increased cross-clamp times and increased need to work in the visceral segment. Perhaps a more aggressive use of partial bypass with distal perfusion could have further reduced the incidence of this fatal event. These cases were also more likely to be emergencies that did not allow for preoperative workup. In our experience, 7.4% of elective aneurysm repairs have significant coronary disease requiring revascularization prior to aneurysm surgery [22] . Preoperative revascularization may have prevented some of these lethal arrhythmias. Causes of inhospital mortality in the primary group were more variable and only 15.6% of mortalities had intraoperative cardiac arrest.
On univariate analysis, only myocardial infarction and new onset renal failure were associated with in-hospital mortality. Despite the increased difficulty and hazardous nature of a reoperation, the rates of respiratory failure requiring tracheostomy, renal failure requiring dialysis, spinal cord injury and revision for postoperative bleeding were all similar between the 2 groups. On multivariate analysis, urgent/emergent operation, age and chronic pulmonary disease were found to be independent predictors of MAE. Neither reoperation nor the surgical techniques used were predictors of outcome.
This study is limited by its retrospective nature. These are results of a high-volume tertiary centre. They may not accurately reflect results from smaller centres. Given the relatively low occurrence of adverse events, a larger patient population may be needed to increase statistical power and allow for stronger conclusions to be made. The trends in increased mortality, especially in higher risk subgroups, may become more apparent with a larger sample size. Additionally, due to the nature of progression of growth of most TAAA from the proximal to distal aorta, we could not fully match the groups in terms of aneurysm extent. The groups were well matched with regard to medical comorbidities but different in terms of aneurysm extent and therefore, operative technique.
In conclusion, reoperative DTA and TAAA repair can be performed with acceptable in-hospital mortality and risk for major adverse events, although there is a higher risk of myocardial infarction and a propensity towards increased mortality, especially in reoperative extent I and II repairs. The surgery itself is more difficult due to adhesions from prior operations but it can be performed with reasonable risk. Methods for spinal cord protection are not as easily implemented but risk of spinal cord injury is not increased. Increased use of adjunctive measures such as partial bypass and cold renal perfusion may help further reduce MAE.
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